Absolute spectral characterization of silicon barrier diode: Application to soft X-ray fusion diagnostics at Tore Supra J. Appl. Phys. 114, 023104 (2013) Four-array system of soft X-ray diagnostics was installed on KSTAR tokamak. Each array has 32 viewing chords of two photo-diode array detectors with spatial resolution of 2 cm. To estimate signals from the soft X-ray radiation power, typical n e , T e , and argon impurity line radiation profiles in KSTAR are chosen. The photo-diodes were absolutely calibrated as a function of the incident photon energy in 2-40 keV range with a portable X-ray tube. Two-dimensional T e image properties by multienergy method were simulated and visualized with six combinations of beryllium filter sets within the dynamic range of signal ratio.
I. INTRODUCTION
Various tomography reconstruction methods have been developed for KSTAR soft X-ray (SXR) array diagnostics. [1] [2] [3] It is discovered that at least four-array system is essential for elongated plasmas and six-array system is required to reconstruct hollow-shaped plasmas. 1 Since the two-array SXR diagnostic system could not satisfy magnetics-free reconstruction, 4 four-array SXR diagnostic system have been additionally developed, installed, and prepared for the 2014 KSTAR experimental data acquisition. There are two horizontal and two vertical arrays in Z-plane symmetry, and each array has 32 viewing chords of two photo-diode array detectors with spatial resolution of 2 cm. In a single chord, two different channels are designed to look at the same plasma volume penetrating beryllium (Be) filters of different thicknesses, in order to apply the multi-energy method. 5 The photo-diode detector used in the four-array SXR diagnostic system in KSTAR is AXUV-16ELG, which is widely used for X-ray detection in other tokamak devices. 6, 7 To measure the soft X-ray radiation power emitted from KSTAR plasmas, the responsivity of AXUV-16ELG is essential as a function of incident photon energy. The responsivity value is already demonstrated in Opto Diode Corp. website. 8 However, the calibration of each detector element should be confirmed since each feature of the detector could not be identical in active area and/or effective thickness. In this work, an X-ray tube with silver anode was used for the X-ray calibra- tion, in order to simulate the plasma conditions as an X-ray source with abundant bremsstrahlung. The spectra of the Xray tube were obtained by reconstruction of experimental data with a Si p-i-n spectroscopic detector. Total number of photons impinging on the AXUV detector can be easily calculated from the source spectrum and the detector responsivity. In order to find out the detector responsivity, the photo-current produced by an AXUV detector should be compared with total number of photons calculated by a certain detector responsivity. If the change of photo-current is measured with various spectra of the X-ray tube, the detector responsivity curve can be derived empirically. Additionally, the relative calibration factors among every 256 AXUV detectors are determined in a fixed condition of the X-ray tube. The signal estimation of the four-array SXR diagnostic system is important to determine the current-to-voltage gain of the preamplifier for the photo-diodes. In this research, the typical electron density (n e ) and electron temperature (T e ) in KSTAR L-mode and H-mode cases were introduced to create synthetic continuum X-ray radiation models. Furthermore, the argon (Ar) impurity line radiation was considered under the condition of Ar gas injection. The atomic process between the impurity ions and the plasmas can be calculated and simulated by Stand Alone Non-Corona (SANCO) transport code developed in Joint European Torus (JET). 9 From the line-integrated signals, tomography reconstruction performance was also evaluated with the Phillips-Tikhonov (P-T) regularization method. From the ratio of each combination of reconstruction images filtered by various Be foil thicknesses, 2-D T e images were compared as well.
II. INSTALLATION OF 4-ARRAY SXR SYSTEM
The four-array system of SXR diagnostics has been designed and installed on KSTAR D-port. Two vertical and two horizontal arrays were mounted on the opposite side of the plasmas behind the passive plate and D-port cassette wall, respectively. Fiber-glass insulated wire was adopted in the vacuum circumstance. Each array contains 32 viewing chords and each chord has two different Be filter sets, so that the multi-energy method should be applied as illustrated in Fig. 1(a) . The spatial resolution of 2 cm is guaranteed at the center of the plasmas as described in Fig. 1(b) . V-shaped layout in detector head can contribute to the effective coverage in reconstruction area as plotted in p-φ diagram ( Fig. 1(c) ). The current-to-voltage convertor with gain of 10 6 V/A is arranged near the AXUV detector for high signal-to-noise ratio. The thicknesses of Be filter sets were chosen to be 50 μm and 250 μm optimized in T e measurement, which will be explained in Sec. V.
III. CALIBRATION OF DETECTORS
The spectra of X-ray tube (MOXTEK MAGNUM R 50 kV TUB00050-1) were analyzed by a Si p-i-n diode detector (AMPTEK XR-100CR) with an energy resolution of 150 eV in the photon counting mode. A Fe-55 isotope was utilized in front of the diode to find the exact position of 5.9 keV. 10 The experimental conditions without photon overflow problem are listed in Table I . Considering the experi- mental configurations, the X-ray bremsstrahlung spectra emitted from the X-ray tube were reconstructed as depicted in Fig. 2(a beam current (10-110 μA) is plotted in Fig. 2(b) . It is shown that the photodiode signal saturates beyond 35 kV, which means lower responsivity at a higher photon energy. Empirically, the AXUV detector responsivity was found as described in Fig. 2(c) . For 256 channels of all detectors, the responsivity and the tube current (10-110 μA) have a linear relation, and the slopes are plotted in Fig. 2(d) . There is some different responsivity among the arrays. The database of the responsivity for all detector elements will be used for relative calibration factors.
IV. SIGNAL ESTIMATION FOR KSTAR PLASMAS

A. Modelling of X-ray radiation in KSTAR
Typical KSTAR L-mode and H-mode n e and T e profiles are employed for modeling the X-ray radiation: bremsstrahlung, recombination, and line radiation as plotted in Fig. 3(a) . Since the KSTAR plasma facing component is made of graphite, carbon (C) is the most important impurity. However, the line radiation of C is cut by Be filters below 1 keV, then it only affects Z eff . Ar impurity is frequently used for X-ray imaging crystal spectroscopy in KSTAR 11 and as trace particles to study their transport, 12 therefore, the situation of Ar gas-puffing experiment is considered with total amount of 3 × 10 17 Ar atoms, the puffing duration of 20 ms, and the recycling factor of 0.7. While impurity penetrating, the atomic process between Ar and plasmas was calculated by the SANCO transport code based on the typical n e , T e , diffusion coefficient (D), and convection (V ) profiles in KSTAR L-mode as shown in Fig. 3(b) . Since the collision frequency between Ar and main ions is much lower than that between Ar and electron, the ion temperature (T i ) profile is insensitive to the line radiation. Therefore, the equality of T i = T e is assumed. The transport coefficients (D, V ) in H-mode were imported from ASDEX-U.
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B. Signal estimation
As accumulating in the core plasma, Ar impurity concentration will reach peak density profile. The core (r/a = 0) X-ray radiation spectra in L-mode and H-mode are described in Fig. 4(a) at the peak time. The line-integrated signals filtered by Be 10 μm, 50 μm, 250 μm, and 400 μm are depicted in Fig. 4(b) . The channel number from 1 to 32 lays on the vertical array, and the others are on the horizontal array. The signal levels are in the range from several tens to a few hundreds of nA. The current-to-voltage preamplifier gain of 10 6 V/A is sufficient producing a few hundreds of mV.
V. TOMOGRAPHY RECONSTRUCTION
Two-dimensional soft X-ray profiles filtered by the Be foil sets are reconstructed by the P-T tomography method. The P-T regularization method has better performance for accurate results and noise immunity than maximum entropy method, because the relation between adjacent pixels is concerned. 3 Assuming continuum radiation in the multienergy method, the ratio between two images with different Be filters is related with electron temperature. There are six cases of the ratio sets that can visualize 2-D images of electron temperature. The radial profile of T e calculation is compared in Figs. 5(a) and 5(b). The best choices of the T e calculation map in 2-D are Be 50/250 μm and 10/250 μm pairs in L-mode and H-mode, as depicted in Figs. 5(c) and 5(d), respectively. The T e measurement with 10/50 μm is somewhat overestimated, since it can be affected by Ar impurity line radiation in the low energy level. Due to the low signal levels by Be 250/400 μm, the result is underestimated by 40% and 50% in L-mode and H-mode.
VI. CONCLUSION
The four-array SXR diagnostic system was designed, fabricated, and installed in KSTAR with capability of the multi-energy method. For the X-ray detection, photo-diode (AXUV16-ELG) was chosen and calibrated with an X-ray tube. To estimate signals from KSTAR plasmas, a simple model with SANCO prediction was employed with Ar impurity. By the multi-energy method, 2-D T e images can be derived from the ratio between combinations of reconstructed SXR images with various Be foils. Since the method ignores the impurity line radiation, the error of T e calculation can arise with respect to the injected Ar impurities. It is identified that Be 50/250 μm and 10/250 μm sets are the best choices for 2-D T e diagnostics in KSTAR L-mode and Hmode, respectively. Including detector calibration and tomography reconstruction tests, the optimization of proper filter sets for the SXR diagnostics is essential for Ar transport study. For the next step, the iron (Fe) impurity will be considered for the precise calculation.
